We report on the magnetic and structural properties of Cr-doped GaN prepared by ion implantation of epitaxial thin films. Based on a detailed analysis of the magnetometry data, we demonstrate that the magnetic interactions between Cr moments in GaN are antiferromagnetic (AFM). Increasing the Cr fractional concentration up to 0.35, we observe that strong nearest cation neighbor AFM coupling results in the reduction of the effective moment per Cr atom. The uncompensated Cr moments exhibit paramagnetic behavior and we discuss to what extent the effects of an anisotropic crystal field and AFM interactions can be inferred from the magnetization data. We discuss the observed changes in magnetic and structural properties induced by thermal annealing in terms of defect annealing and Cr aggregation.
Introduction
Over the past decade, the magnetism of wide-gap semiconductors doped with 3d transition metals, or dilute magnetic semiconductors (DMS), has become one of the most controversial topics in condensed matter physics. Despite the remarkable volume of experimental and theoretical research and significant developments in synthesis and characterization methods, the origin of high-temperature ferromagnetism in wide-gap DMS remains far from consensual [1] .
Soon after the first report on Co-doped TiO 2 [2] , ferromagnetism at and above room temperature was reported in many other wide-gap DMS materials (cf, e.g. the reviews [3] [4] [5] [6] ). Research in the ensuing years followed two main directions, the search (i) for new DMS materials displaying signatures of high-temperature ferromagnetic order (e.g. Gd-doped GaN [7] , C-doped ZnO [8] , and undoped HfO 2 [9] ) and (ii) for the origin and control of ferromagnetism in those systems regarded as most attractive (e.g. Co-and Mn-doped ZnO [10] and Mn-doped GaN [11] ). However, as the understanding of some of the most intensively studied materials deepened, issues of irreproducibility and instability became common features of these materials. A number of non-intrinsic sources of ferromagnetism were identified and became well documented: magnetic contaminations [12] [13] [14] [15] , measurement artifacts [13, 14] , spinodal decomposition (e.g. in Co-doped ZnO [16] ) and secondary-phase formation (e.g. in ZnO doped with Fe, Co and Ni [17] [18] [19] ). On the other hand, studies on well-characterized DMS materials (single-phase and homogeneous) found only paramagnetism (e.g. in Mn-doped GaN [20] and Co-doped ZnO [21] ), antiferromagnetic interactions (e.g. in Mn-doped GaN [22] and in Co-doped ZnO [23] [24] [25] [26] ), or, at best, ferromagnetic order with very low Curie temperature (e.g. in Mn-doped GaN [11] ). Consequently, the current view on wide-gap DMS is moving toward the belief that the often observed high-temperature ferromagnetism may be non-intrinsic [1] . Key to solving this controversy is a systematic and detailed mapping of the type and strength of the magnetic interactions in the most representative combinations of magnetic dopants and wide-gap semiconductor hosts. In this sense, Cr-doped GaN is an interesting case. Although far from being one of the most intensively studied cases, it has accumulated a significant number of reports of high-temperature ferromagnetism [27] [28] [29] [30] [31] [32] [33] . However, while focusing on the intrinsic origin of the observed ferromagnetic signatures by demonstrating the absence of secondary-phase formation, these studies lack a deeper analysis of the magnetic behavior itself.
Transition metals can be incorporated into GaN during growth [27] [28] [29] [30] [31] or by ion implantation [32, 33] . The advantage of ion implantation with respect to the production of uniform and single-crystalline DMS nanolayers is that it is less likely to suffer from the formation of secondary phases. Ion bombardment inevitably leads to lattice disorder, a major concern when electrical and optical dopants are introduced by ion implantation [34] . For magnetic doping, however, lattice disorder is believed to be crucial in establishing the ferromagnetic order, in the form of either point [35] or extended [36] defects. Depending on the implantation conditions, different types of defects can be produced in ion-implanted GaN. At the low fluence end, isolated [37] or clustered [38] point defects are typically observed. As the fluence increases, bands of large planar defects are formed parallel to the basal plane of GaN [38] . Ion-implanted DMS materials are thus interesting systems in which to study the interplay between magnetic dopants and lattice defects.
The most straightforward and reproducible parameter to control, in order to tune the amount and type of ion beam damage, is temperature, either during implantation or during subsequent thermal annealing [39] . Typically, the accumulation of stable defects in irradiated semiconductors, which can eventually result in amorphization, can be reduced by increasing the implantation temperature. In GaN, the accumulated damage decreases rather sharply as the irradiation temperature is increased up to 300 • C, and more slowly above that [40] . On the other hand, high fluence ion implantation at elevated temperatures (550 • C) has been reported to induce dramatic erosion of GaN [41] . Implantation temperatures around 300 • C can thus be expected to yield a good compromise between avoiding amorphization and minimizing surface erosion of GaN. Further control over beam-induced damage is typically realized by thermal treatment. Annealing of implantation disorder in GaN is, however, a rather complex problem. The rule of thumb is that temperatures of around two thirds of the melting point (in units of K) are required to remove extended defects in compound semiconductors. For GaN, this corresponds to about 1600 • C, based on its calculated melting point [42] . However, annealing of GaN at such high temperatures is counteracted by material decomposition involving loss of nitrogen from the GaN surface (e.g. [43] ). In addition, hightemperature annealing may result in undesired segregation of Cr or CrN secondary phases [44] . Therefore, when studying the magnetism of ion-implanted GaN DMS materials and its dependence on defect concentration, optimum annealing conditions are those providing a significant degree of damage recovery while avoiding surface decomposition and phase segregation.
In this paper, we analyze the magnetic and structural properties of Cr-doped GaN thin films, produced by implanting Cr + ions in epitaxial GaN thin films. Covering [45] . Using the TRIM code [46] to simulate the Gaussian-like ion distribution, we estimated a projected range of R P = 38 nm, a longitudinal straggling of 17 nm and peak concentrations (x p ) ranging from 0.005 to 0.35. Table 1 lists the implanted samples and the corresponding fluences and x p . All samples were studied in the as-implanted state and after thermal annealing at 800 • C in N 2 flow for 2.5 h, using a GaN proximity cap to minimize surface degradation.
In order to avoid sample contamination with ferromagnetic impurities [15] , the implantations were carried out using a Mo sample holder and the samples were placed in a ceramic boat during annealing. Each entry in table 1 corresponds to two samples, one for the structural characterization and the other for magnetometry measurements. The samples reserved for the magnetic characterization were handled with non-metallic tweezers in order to avoid magnetic contamination [15] . Defect formation and recovery were studied using RBS/C, with a 1.57 MeV He + beam. Figure 1 shows examples of spectra obtained in random and channeled geometries (a) and summarizes the results in terms of damage accumulation and recovery in both the near-surface (first few monolayers) and bulk (end of range) regions (b). It is clear that implanting at 300 • C successfully suppresses amorphization, as both near-surface and bulk disorder exhibit saturation at levels which are considerably below the random level. In addition, there is no sign of dramatic surface erosion. This can be inferred from the position of the bulk damage peak relative to the surface. If the film erosion had reached depths of the order of the ion range, the bulk damage peak would have shifted toward the surface as has been reported in [47] . Furthermore, within the experimental uncertainty (<30 nm) the film thickness does not decrease after implantation, even for the maximum fluence. Showing that film erosion was minimal has two important practical consequences. Not only does it show that the nominal Cr content was conserved, it also validates the simulated Cr depth profiles and peak concentrations, calculated assuming a constant film thickness. Regarding the choice of annealing treatment, figure 1 also shows that while providing a significant reduction of the lattice disorder in the Cr-doped region (depicted by the ↓ in figure 1(b) ) it kept the near-surface damage peak below random levels.
The possible formation of Cr or CrN precipitates was investigated using conventional XRD. Other than those associated with the GaN layers and the substrate, no additional peaks could be resolved, either before or after annealing (data not shown). Only typical signs of reduced crystalline quality due to implantation were observed. Although thermal annealing of similar wide-gap semiconductors implanted with transition metals can result in the formation of small precipitates which are difficult to detect with conventional XRD (e.g. Co-, Ni-and Fe-implanted ZnO in [18, 19, 17] ), Cr was found to be very stable in substitutional sites in GaN, at least up to annealing temperatures of 825 • C [31] . The presence of Cr or CrN precipitates in our samples is thus highly unlikely, both before and after annealing (800 • C). However, although very unlikely in the as-implanted state, the formation of (substitutional) Cr-rich regions during annealing cannot be excluded. Such substitutional clusters would be coherent with the GaN matrix and thus difficult to detect by diffraction techniques. This chemical phase separation by aggregation of the transition-metal dopants, known as spinodal decomposition in the DMS literature, has been observed in a number of DMS materials, including Cr- [44] and Fe-doped GaN [48] .
From the structural characterization described in this section we can conclude that, in terms of implantation conditions, we have successfully avoided both amorphization and significant surface erosion. Regarding the annealing treatment, while inducing a significant degree of lattice recovery, we have avoided the formation of secondary phases, at least within the sensitivity of conventional XRD. However, the formation of nanoprecipitates and substitutional Cr clusters cannot be excluded.
Magnetic properties
The magnetic characterization was performed using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS XL-5) following strict procedures in order to avoid measurement artifacts and external magnetic contributions. These procedures were developed based on statistically relevant tests, which allowed us to determine the practical limits of SQUID magnetometry for the detection of ferromagnetism under various sample preparation, processing and handling conditions [15] . Unless otherwise specified, the measurements shown and discussed below were performed with the field perpendicular to the GaN c-axis, i.e. parallel to the film plane.
Absence of ferromagnetic order.
A small hysteresis, with a saturation moment always below 1 × 10 −6 emu, was observed in some of the samples, up to room temperature. No correlation was found with respect to the fluence or annealing conditions. Since the same residual ferromagneticlike behavior was observed in unimplanted control samples, we attribute it to small ferromagnetic contaminations [15] . As such, we can conclude the following.
Finding I. None of the samples, regardless of substrate, fluence or annealing treatment, showed ferromagnetic behavior above the range dominated by ferromagnetic contaminations (i.e. with saturation moments >1 × 10 −6 emu), from 300 K down to 2 K. Since intrinsic irreversibility was not observed in any of the samples, only one quarter of each of the M-H loops (magnetization as a function of applied field) is shown in the remainder of this paper, i.e. only the data corresponding to positive and decreasing field.
As a representative example, a typical set of measurements is shown in figure 2 for sample A70 (x p = 0.35) before ((a) and (c)) and after ((b) and (d)) annealing. The magnetic moment (µ) was measured as a function of applied field (M-H) up to 5 T at temperatures between 2 and 300 K ((a) and (b)) and as a function of temperature (M-T) between 5 and 300 K with an applied field of 5 T ((c) and (d)). All the data in figure 2 are corrected for the diamagnetic component (dominated by the substrate) and exhibit typical paramagnetic behavior. This diamagnetic background was estimated from a linear fit to µ(T −1 ) above 100 K (insets of (c) and (d)), assuming a Curie behavior of the paramagnetic component and a temperature independent diamagnetic term
where χ is the total magnetic susceptibility, χ C the Curie term, χ DM the diamagnetic term, C the Curie constant and T the temperature. The diamagnetic susceptibility was further corrected by subtracting the very small contribution of ferromagnetic contaminations (when present), estimated from the M-H data at 300 K between 2 and 5 T (in saturation). The result was checked for consistency by comparing it with the diamagnetic susceptibility obtained from the linear fit to the M-H data at 150 and 300 K, taking into account the paramagnetic component (linear at T > 100 K to a good approximation). The Si substrates, both before and after deposition of the GaN thin films, showed a small temperature dependence of χ DM , most likely due to Van Vleck paramagnetism, which has also been observed in other semiconductor substrates, e.g. GaAs [49] . The χ DM value used to correct the M-H data of the samples grown on Si was itself corrected for this small temperature dependence, based on measurements of unimplanted samples (as both the diamagnetic and the Van Vleck paramagnetic susceptibilities are extensive properties, i.e. scale with the substrate's mass). We note that, in general, the paramagnetic contribution does not necessarily follow the Curie term in equation (1), but rather a Curie-Weiss law
where is the Weiss constant which accounts for magnetic interactions. Nonetheless, equation (1) holds for | /T | 1, which we show below to be the case in our data. From this point on, all the data that are shown or referred to were corrected for the diamagnetic substrate background using this method. This was found to be more accurate than, for example, subtracting M-H data measured prior to implantation. Small differences in sample mounting can result in a change of a few per cent in the total measured moment. Since the diamagnetic signal largely dominates, the curves resulting from this subtraction would be affected by an erroneous linear component. At least qualitatively, all the samples show a behavior similar to that of sample S70 (figure 2). We can thus conclude the following.
Finding II. All samples exhibit paramagnetic behavior.
Before discussing the details of this paramagnetism in terms of field and temperature dependence, we will describe how the effective moment per Cr atom evolves with increasing Cr concentration. Figure 3(a) shows the magnetization at 5 K, for the implanted and annealed GaN samples grown on Si (the results are equivalent for the Al 2 O 3 series). The magnetization does not increase linearly with Cr concentration; there is a clear saturation for fluences above 2 × 10 16 cm −2 , which, based on the RBS/C data, cannot be ascribed to a saturation of the Cr content due to film erosion. We attribute this effect to the antiparallel alignment of the magnetic moments of Cr atoms sitting in nearest cation neighbor sites, due to strong antiferromagnetic (AFM) interactions. A similar moment quenching effect has been observed in other DMS systems, e.g. Co-doped ZnO [23, 24] . To model this behavior, we assume that all Cr impurities randomly occupy Ga sites [31, 50, 51] and that only isolated Cr atoms, i.e. without Cr nearest cation neighbors in the Ga sublattice, effectively contribute to the magnetization. The fraction of isolated Cr atoms in the GaN hexagonal lattice (S ) can be estimated using Behringer's equation
Cr moment quenching with increasing Cr concentration.
where x is the fractional concentration of Cr atoms [52] . Since in implanted samples x is a function of depth l, one must integrate S over the film thickness as
with
where x(l) is the concentration profile which we have simulated using TRIM. Assuming that each of the magnetically active Cr atoms contributes with a moment µ Cr for a given field and temperature, one can extract the corresponding fraction from the experimental data and compare it to that of isolated Cr estimated using equation (4) . Figure 3(b) shows the fraction of magnetically active Cr atoms, using µ Cr = 1.6 µ B (at 5 K and 5 T), which yields the best fit to equation (4) . The agreement is fairly good, particularly considering that µ Cr is the only free parameter. Note that 1.6 µ B is the non-saturated moment per Cr atom, which can explain why it is smaller than the expected 3 µ B for the high-spin Cr 3+ (3d 3 ) state, predicted by Hund's rules and by ab initio calculations [53] . At high concentration, the model somewhat underestimates the active Cr fraction. This is likely to result from considering the simplest case for which only the isolated Cr atoms contribute to the magnetization. For low concentrations, the majority of the non-isolated Cr atoms are in the form of pairs (dimers). Such a dimer configuration may indeed produce an almost perfect antiparallel alignment of the two magnetic moments. However, for higher concentrations, larger complexes of three and more atoms are formed. For these larger substitutional clusters, particularly those containing an odd number of Co atoms, the quenching of the Cr moment may be less efficient due to frustration effects and the presence of uncompensated moments, which may thus contribute to the measured magnetization. This discussion can be concluded as follows. 
Paramagnetism.
While I, II and III constitute the major findings of this work, it is worth discussing in more detail the paramagnetism of the uncompensated (or not fully compensated) Cr moments in GaN and comparing it to the intensively studied and thus better understood wide-gap DMS materials Mn-doped GaN and Co-doped ZnO.
The magnetization of ideal non-interacting magnetic moments with constant total angular momentum quantum number J in a magnetic field H follows the Brillouin function B J (H, T). This is obviously not the case for Cr moments in GaN, which are subject to (1) the anisotropic GaN crystal field of the host and, as we have shown above, (2) magnetic interactions. The non-Brillouin behavior of our samples is easily confirmed by plotting the M-H and M-T data together as a function of H/T (figure 4). As expected, contrary to what would happen for an ideal Brillouin paramagnet (µ(H, T, J) ∝ B J (H/T)), the curves do not overlap. In the following, we discuss to what extent we find evidence of both effects, (1) anisotropic crystal field and (2) magnetic interactions, in Cr-implanted GaN.
The most easily observable effect of an anisotropic crystal field (effect (1)) on a paramagnetic 3d moment is the resulting anisotropic magnetization. The trigonal crystal field in the wurtzite structure induces a magnetic anisotropy via the spin-orbit interaction, which can be described by an effective spin Hamiltonian with a zero field splitting constant D and an anisotropic effective g-factor (g for parallel and g ⊥ for perpendicular magnetic field with respect to the c-axis). A strongly anisotropic magnetization was observed, for example, for Mn 3+ ions in GaN [20] and Co 2+ ions in ZnO [21] , and successfully described by well-established values of the phenomenological parameters D, g and g ⊥ [21] or more detailed Hamiltonians [20] . Figure 5 shows M-H and M-T data of sample A70 (x p = 0.35) for field applied parallel and perpendicular to the sample plane, i.e. perpendicular and parallel to the GaN c-axis, respectively. Although some degree of anisotropy can be resolved, the effect is much weaker than those observed in Mn-doped GaN [20] and Co-doped ZnO [21] . Because the parameters D, g and g ⊥ have never been determined for Cr impurities in GaN or similar materials, one cannot predict the magnetic anisotropy for Cr-doped GaN under these experimental conditions. Nonetheless, the fact that the effect is so small in our samples can be explained, at least partially, by the significant disorder induced by implantation (section 2.1), which disturbs the crystal periodicity and consequently the crystal field anisotropy.
In general, the presence of magnetic interactions (effect (2)) can be inferred from magnetization data as a perturbation to the paramagnetic behavior above the associated ordering temperature. In principle, this can be modeled using an effective temperature (T − ) where accounts for the magnetic interactions [54] , which has been done, for example, for Mn-doped GaN [22] and Co-doped ZnO [24] [25] [26] . Applying a similar approach to our data, figure 6 shows the µ −1 (T) data of sample A70 (x p = 0.35) before and after annealing and a fit to the Curie-Weiss law equation (2) , which corresponds to the Curie law with an effective temperature T− . The data were fitted only between 60 and 100 K to avoid a possible contribution from frozen O 2 between 30 and 60 K and the large data dispersion above 100 K. The fit yields a negative , −15(3) K and −5(3) K before and after annealing, respectively, which can in principle be interpreted as a signature of AFM interactions. We note, however, that this type of analysis should be applied very carefully. In [21] it is shown that, while the paramagnetism of Co-doped ZnO is correctly modeled using an adequate effective spin Hamiltonian without considering magnetic interactions, attempting to fit the same data using inadequate models such as the Brillouin function or the Curie law would require the use of an effective temperature T − (T + T 0 in [21] ), which could be misinterpreted as an effect of antiferromagnetic interactions. Nevertheless, in our case, because some of the Cr atoms in nearest cation neighbor complexes are not fully compensated, i.e. have a finite contribution to the magnetization (section 2.2.2), it is reasonable to conclude that contains at least a contribution from the nearest cation neighbor AFM interactions.
Finally we will briefly discuss the effect of thermal annealing on the magnetic behavior. We have shown in figure 6 that | | decreases from −15(3) to −5(3) K upon thermal annealing, indicating a change in crystal field (1) or a weakening of the AFM interactions (2) or a combination of both. The changes in magnetic behavior induced by thermal annealing are even more evident in the M-H data. This is illustrated in figure 7 where we show the 5, 20 and 300 K M-H data for samples S20 (x p = 0.10) and A70 (x p = 0.35): consistently throughout the entire concentration range, thermal annealing reduces the magnetization, except for very low temperatures and fields where it does the opposite. Structurally, the annealing can have two effects which may explain these changes in magnetic behavior.
(i) Annealing of lattice defects as demonstrated by RBS/C above. Lattice defects in the vicinity of Cr atoms modify the crystal field (1) and may even mediate magnetic interactions between distant Cr moments (2) . Some point defects may even contribute to the magnetization directly. For example, it has been predicted that Ga vacancies induce non-vanishing magnetic moments in the neighboring N atoms [55] and that N vacancies enhance the magnetic moment of isolated Cr impurities [53, 56] . (ii) Aggregation of Cr atoms in substitutional clusters or in small precipitates of Cr or CrN which may be undetectable by XRD. By modifying the dopant spatial distribution, i.e. the relative distance between Cr atoms and the local arrangement of their neighbors, Cr aggregation would also affect the crystal fields (1) and the magnetic interactions (2).
In short, thermal annealing can induce two distinct structural modifications ((i) and (ii)), each of which can modify each of the two parameters which control the magnetic behavior ( (1) and (2)). Such an intricate interplay complicates a more quantitative approach to this discussion, which we thus simply conclude as follows.
Finding IV. Uncompensated Cr atoms behave as paramagnetic moments perturbed by AFM interactions in an anisotropic crystal field. Although minimally, thermal annealing affects this paramagnetism, possibly due to an interplay between defect annealing and Cr aggregation.
Discussion
The main finding of this study is that the magnetic interactions between Cr moments in GaN are not ferromagnetic but AFM, which is in contrast with previous experimental reports of ferromagnetic order in Cr-doped GaN, e.g. [27] [28] [29] [30] [31] for Cr incorporated during growth and [32, 33] for implanted Cr. This is, however, not unexpected. The literature of the last ten years on more extensively studied DMS materials, e.g. Mn-doped GaN, experienced a similar evolution. Despite the many theoretical predictions and experimental reports of high-temperature ferromagnetism, recent studies did not show any indication of high-temperature ferromagnetic order in single-phase Mn-doped GaN [11, 20, 22] . In fact, it is worthwhile discussing in more detail these two cases, Cr-and Mn-doped GaN, together. 2+ , are likely to result from indirect superexchange mediated by the N 2p band. Indeed, the necessary hybridization of the Cr 3d and N 2p states has also been observed [51, 50] .
As an alternative to the p-d Zener models discussed in the previous paragraph, high-temperature ferromagnetism in wide-gap DMS materials has also been predicted on the basis of bound magnetic polaron (BMP) models [35] . Here, the magnetic moments interact via electrons associated with a defect impurity band. Since these defect electrons occupy large orbits, each defect can interact with several dopant moments and form a magnetic polaron. Ferromagnetism results from the percolation of such polarons. However, the exchange energy density necessary to produce hightemperature ferromagnetism at a few per cent doping corresponds to a magnetic exchange much stronger than that observed in the strongest of the known ferromagnetic materials [36] . One can thus expect that the critical temperatures associated with this type of magnetic order are well below room temperature.
Our results support the view that the source of hightemperature ferromagnetism often observed in transitionmetal-doped GaN may be non-intrinsic, i.e. associated with ferromagnetic precipitates or contaminations. This is in line with a very recent overview of the last ten years of DMS research, which concluded that little proof has been found of high-temperature ferromagnetism in wide-gap DMS materials [1] .
Conclusions
In summary, we have experimentally demonstrated the absence of ferromagnetic order in Cr-implanted GaN, from 300 K down to 2 K, for Cr fractional concentrations between 0.005 and 0.35. We have shown that the magnetic interactions between Cr moments in GaN are, in fact, AFM. Strong AFM interactions between the Cr atoms in nearest cation neighbor complexes result in Cr moment quenching (compensation), i.e. a decrease of the effective moment per Cr atom, with increasing concentration. Uncompensated Cr atoms behave as paramagnetic moments perturbed by AFM interactions in an anisotropic crystal field. Although minimally, thermal annealing affects the magnetic behavior, possibly due to an interplay between defect annealing and Cr aggregation.
These results suggest that neither type of model of ferromagnetism proposed for dilute magnetic semiconductors, i.e. p-d Zener exchange or BMPs, operates in Cr-implanted GaN. Together with recent reports on well-characterized Mn-doped GaN, our study supports the view that the high-temperature ferromagnetism observed in transitionmetal-doped GaN may be non-intrinsic.
